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During mammalian aging, cellular proteins become increasingly
damaged: for example, by carbonylation and formation of ad-
vanced glycation end products (AGEs). The means to ensure that
offspring are born without such damage are unknown. Unexpect-
edly, we found that undifferentiated mouse ES cells contain high
levels of both carbonyls and AGEs. The damaged proteins, identi-
fied as chaperones and proteins of the cytoskeleton, are the main
targets for protein oxidation in aged tissues. However, the mouse
ES cells rid themselves of such damage upon differentiation in
vitro. This elimination of damaged proteins coincides with a
considerably elevated activity of the 20S proteasome. Moreover,
damaged proteins were primarily observed in the inner cell mass
of blastocysts, whereas the cells that had embarked on differen-
tiation into the trophectoderm displayed drastically reduced levels
of protein damage. Thus, the elimination of protein damage occurs
also during normal embryonic development in vivo. This clear-out
of damaged proteins may be a part of a previously unknown
rejuvenation process at the protein level that occurs at a distinct
stage during early embryonic development.

advanced glycation end products � aging � embryogenesis � proteasome �
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Organismal aging is associated with progressively increased
damage to DNA, but genetic reassortment and recombi-

nation during meiosis ensures that such corruptions in nuclear
genetic information are not transmitted to the offspring (e.g.,
refs. 1 and 2). In addition to age-related damage to DNA,
proteins are damaged by a large number of reactions involving
reactive oxygen species, and such oxidatively damaged proteins
accumulate with age (3, 4). Carbonylation is an example of one
such important oxidative modification of proteins and is asso-
ciated with a large number of age-related disorders, including
Parkinson’s disease, Alzheimer’s disease, and diabetes (e.g., refs.
3 and 5–9). Carbonyl derivatives are formed by a direct metal-
catalyzed oxidative attack on the amino acid side chains of
proline, arginine, lysine, and threonine and also on lysine,
cysteine, and histidine by secondary reactions with reactive
carbonyl compounds (8). Compared with other oxidative mod-
ifications, carbonyls are relatively difficult to induce, and in
contrast to, for example, methionine sulfoxide and cysteine
disulfide bond formation, carbonylation is an irreversible oxi-
dative process (7).

Advanced glycation end product (AGE) formation is another
protein modification that increases during aging (e.g., ref. 10).
AGE is the collective name for the end products resulting from
a complex set of nonenzymatic reactions between reduced sugars
and proteins. AGEs accumulate in aging tissues, are enhanced by
hyperglycemia, and have been associated with many diabetes
complications (11). In addition, AGEs have been identified in
protein deposits of Alzheimer’s amyloid plaques and in Lewy
bodies of Parkinson’s disease (11, 12).

Modifications such as protein carbonyls and AGEs are sug-
gested to cause cellular degeneration by two different means.
The first denotes an age-dependent wear and tear of specific

enzymes, such as aconitase and the nucleotide translocator ANT
(e.g., refs. 13 and 14), causing a gradual loss of enzymatic
activities. The second problem with oxidatively damaged pro-
teins is that they tend to form large aggregates that not only
escape degradation but clog up the proteasomes (6). The latter
mechanism constitutes a negative feed-back loop that could
explain why damaged and potentially protease-susceptible sub-
strates accumulate with time during aging (6). Young specimens
of aging mammals are essentially free of oxidative damage to
proteins (4), but the underlying mechanism behind this ‘‘reju-
venation’’ phenomenon is unknown. Because germ-line cells are
kept free of DNA damage, it is tempting to speculate that the
same is true for protein damage, but no data support this view
at present. Although it has been shown that undifferentiated
murine ES cells exhibit a superior capacity, compared with
differentiated cells, to cope with external oxidative stress (15),
there are no data available on the carbonyl and AGE content of
ES cells or the early differentiating embryo.

We have analyzed the levels of carbonyl and AGE modifica-
tions to proteins during differentiation of ES cells in vitro and in
early embryonic development in vivo and present data that
suggest that early embryonic development includes a mechanism
of efficient damage elimination, which is associated with ele-
vated 20S proteasomal activity.

Results
Detection and Identification of Carbonylated Proteins in ES Cells. By
modifying an in situ detection method (see Materials and Meth-
ods) that has previously been used for detection of carbonylated
proteins in bacteria and yeast (16, 17), we were able to detect
carbonylated proteins in undifferentiated murine ES cells (Fig.
1 A and B). This method is based on the reaction of 2,4-
dinitrophenyl-hydrazine (DNPH) with carbonyl groups forming
2,4-dinitrophenyl-hydrazone that can be immunochemically de-
tected (9, 18). After fixation of cells in ice-cold EtOH (95%) and
permeabilization by using 0.25% Triton X-100, carbonylated
proteins were derivatized with DNPH in situ followed by immu-
nodetection under the microscope. The unexpectedly high signal
surrounding the nucleus (Fig. 1B) that was detected in the
undifferentiated ES cells enabled us to estimate how the car-
bonyl levels corresponded to those of differentiated tissues of
adult mice. We prepared protein extracts from 6-month-old
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brain and liver and found that the carbonyl levels in ES cells were
in the same range as these tissues (data not shown).

A proteomics approach based on two-dimensional immuno-
detection and mass spectrometry of protein carbonyls estab-
lished that a discreet number of proteins carry the main load of
carbonylation in undifferentiated ES cells (Fig. 1C). These
proteins included the chaperones HSP90, GR75, and HSC70; the
�- and �-chains of tubulin; and �-actin (Fig. 1C). Interestingly,
several of these proteins have been shown to be highly carbony-
lated in aged organisms ranging from bacteria and plants to
mammals (18–22).

Protein Carbonyls Are Eliminated During ES Cell Differentiation. We
next initiated differentiation of ES cells by removing the cyto-
kine leukemia inhibitory factor (LIF) from the culture. In situ
detection of protein carbonyls demonstrated that cells that had
embarked on differentiation [stage-specific embryonic antigen 1
(SSEA-1)-negative cells; Fig. 2] displayed significantly lower
levels of carbonyls than undifferentiated ES cells (SSEA-1-
positive cells; Fig. 2). This elimination of protein carbonyls was
confirmed by analysis of protein extracts obtained before and
after the removal of LIF (Fig. 3A). The analysis demonstrated a
drastic drop in carbonyl levels between 2 and 5 days after the
removal of LIF and that the elimination of protein carbonyls
affected the targeted proteins in a general fashion (Fig. 3A Inset).
This drop in protein carbonyls cannot be explained simply by a
dilution of damaged proteins, because the undifferentiated
murine ES cells (E14.1) reproduce with a shorter generation
time than their differentiated counterparts. Yet, protein carbon-
yls are not eliminated during repeated passages of the undiffer-
entiated and dividing ES cells. To determine whether LIF itself
may act as an oxidant, ES cells were allowed to go through
spontaneous differentiation in adherent cultures on a gelatin-
coated tissue culture plate for 5 and 8 days in the presence of LIF.
The cells that were generated displayed the same remarkable
reduction in carbonyl levels (Fig. 3B), excluding LIF as a
contributing oxidant. In addition, differentiation of ES cells into
embryonic bodies (EBs) and retinoic acid (RA)-induced differ-
entiation into neuronal and�or primitive endoderm cells resulted
in the same characteristic clear-out of carbonylated proteins in
the absence and presence of LIF (Fig. 3B).

Differentiation is accompanied by alterations in cell morphol-
ogy and the cellular proteome. Therefore, it is possible that the
reduction in protein carbonyls could be due to a reduction in the
concentration of specific proteins rather than the damaged form
of the proteins. The identity of the damaged proteins (Fig. 1C)
allowed us to approach this question. As shown in Fig. 3C,
Western blot analysis demonstrated that the overall concentra-
tion of the affected proteins that were analyzed (�-actin, HSP90,

HSP70, �-tubulin, and �-tubulin) did not change appreciably
during differentiation. In other words, the carbonylation load of
the affected proteins is reduced upon differentiation, not the
levels of the proteins per se.

The Levels of AGEs Are Diminished During Differentiation. Next, we
asked whether ES cells rid themselves of other types of protein
damage (e.g., AGEs) upon differentiation. Protein extracts
made from undifferentiated cells and cells differentiated as
described above were analyzed for the content of AGEs. The
antibody used exhibits immunospecificity to a common structure
among AGE-structures, N�-carboxymethyllysine (23). Undiffer-
entiated ES cells displayed AGE modification of one major
protein, HSC70 (Fig. 4A Inset). Similar to protein carbonyls, the
AGE modification of this protein was efficiently eliminated upon
differentiation as a consequence of LIF withdrawal (Fig. 3C). All
other ways to induce differentiation (see Fig. 3B) also resulted
in the same riddance of AGE modifications (not shown), indi-
cating a general removal of damaged proteins rather than a
specific elimination of carbonylated proteins.

Interference between the SSEA-1 and AGE immunodetection
prevented simultaneous in situ detection of AGE and SSEA-1.
However, we noticed that the AGE signal overlapped with the
carbonyl signal and that the cells with low or no carbonyls also
exhibited low AGE signal (Fig. 4 B–D).

Fig. 1. Protein carbonyls in ES cells. (A and B) Bright-field image of fixed ES
cells (A) and the corresponding image of carbonyls (B) visualized immunohis-
tochemically. (Scale bar, 25 �m.) (C) Detection of the major targets for car-
bonylation in undifferentiated ES cells by two-dimensional Western blot
analysis. The targets identified included the chaperones HSP90, HSC70, and
GR75, as well as the �- and �-chains of tubulin and �-actin (GR75 was not
observed in TCA-precipitated proteins samples).

Fig. 2. In situ immunohistochemical detection of carbonylated proteins in
undifferentiated (SSEA-1 positive) and differentiated (SSEA-1 negative) mu-
rine ES cells. (A) DAPI staining for localization of DNA�nucleus. (B) Immuno-
detection of SSEA-1 to score for differentiated and undifferentiated cells. (C)
Detection of protein carbonyls. (D) Overlay of DAPI and protein carbonyl
signals. (E) Overlay of DAPI, SSEA-1, and protein carbonyl signals. In A–E, the
arrows indicate a cell conglomerate that has embarked on differentiation.
(Scale bar, 25 �m.) (F) Expanded view of the boxed area in E showing local-
ization of protein carbonyls between the cell surface (SSEA-1 signal) and the
nucleus (DAPI signal) in undifferentiated ES cells. Representative images are
shown.
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Differentiation of ES Cells Results in a Boost in 20S Proteasomal
Activity. Several studies have shown that various types of cells are
able to selectively degrade oxidatively damaged proteins and that
mild oxidative stress correlates with increased intracellular
proteolysis (24, 25). In mammalian cells, the 20S proteasome is
the primary protease responsible for degradation of oxidatively
damaged proteins in the cytosol and nuclei, whereas the ATP-
and ubiquitin-dependent 26S proteasome is less important for
the degradation of damaged proteins (e.g., ref. 25). To deter-
mine whether the reduction in protein damage upon differen-
tiation was associated with altered 20S proteasome activity, an
assay using the fluorogenic peptide succinyl-Leu-Leu-Val-Tyr-
7-amino-4-methylcoumarin as a substrate for the proteasome
was used (26). This analysis revealed that 20S proteasomal
activity increased drastically upon differentiation of ES cells (by
the removal of LIF) (Fig. 5). ATP-stimulated 26S proteasome
was only marginally affected upon differentiation (not shown).
Thus, differentiation of ES cells results in a considerable boost
in the cells’ capacity to degrade damaged proteins, which
coincides with the elimination of both carbonylated and AGE-
modified proteins.

Damaged Proteins Are Eliminated During Early Embryonic Develop-
ment in Vivo. If differentiation of ES cells were accompanied by
elimination of damaged proteins during normal development in

vivo, we would expect to observe differential carbonyl levels in
cells within a blastocyst. Specifically, a higher load of damage
would be expected in the inner cell mass, from where the
pluripotent ES cells originate, than in the outer and differenti-
ated cell layer (the trophectoderm), which was indeed the case
(Fig. 6). We confirmed that protein carbonyls were predomi-
nantly associated with the pluripotent cells of the inner cell mass
of the blastocyst by costaining with SSEA-1 (Fig. 6 A–D). Similar
to carbonyl damage, AGE modification was primarily observed
in the inner cell mass of blastocysts (Fig. 6 E–G). The data
demonstrate that elimination of damaged proteins is an integral
part of early embryonic development.

Discussion
Protein carbonylation is an indicator of severe oxidative damage,
and the levels of protein carbonyls increase substantially during
aging in animals (8, 4). In view of the fact that carbonylation is
inhibiting the targeted proteins’ catalytic functions and may

Fig. 3. Levels of protein carbonyls in protein extracts of ES cells upon
differentiation. (A) Protein carbonyl levels in undifferentiated ES cells and in
cells in which differentiation has been induced by withdrawing LIF. The values
are related to those of undifferentiated cells (day 0), which were assigned a
value of 1.0. Inset shows Western-blot carbonylation patterns after 0 (lane 1),
0.5 (lane 2), 2 (lane 3), 5 (lane 4), and 8 (lane 5) days of differentiation. (B)
Carbonyl levels during differentiation of ES cells, in the absence and presence
of LIF, into EBs and RA-induced differentiation into neuronal and�or visceral
cells. (C) The overall concentration of the proteins identified as main carbonyl
targets in differentiated and undifferentiated ES cells. The concentration is
expressed as the ratio of protein levels in undifferentiated cells to those of
differentiated ones. Error bars represent standard error of at least three
measurements.

Fig. 4. AGE modification in undifferentiated and differentiated ES cells. (A)
AGE levels in undifferentiated ES cells (day 0) and cells that have been
triggered to differentiate by the removal of LIF. Inset shows a Western blot
demonstrating an almost exclusive AGE modification of one single protein,
which was identified as HSC70. AGE modification of HSC70 is shown after 0
(lane 1), 0.5 (lane 2), 2 (lane 3), 5 (lane 4), and 8 (lane 5) days of differentiation.
Error bars represent standard error of at least three measurements. (B) Overlay
of AGE immunodetection (green) and DAPI (blue) signals. (C) Overlay of
carbonyl (red) and DAPI signals. (D) Overlay of AGE, carbonyl, and DAPI
signals. In B–D, arrows indicate cells that are negative for both carbonyl and
AGE staining. Representative images are shown. (Scale bar, 25 �m.)
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trigger formation of high-molecular-weight, potentially cytotoxic
aggregates, this modification is likely to play havoc with cellular�
tissue functions in the aging organism. In line with this, it has
been demonstrated that the levels of carbonyl-damaged proteins
are associated with the physiological age�performance or life
expectancy of an organism rather than with its chronological age.
For example, carbonyl levels are higher in crawlers (low life
expectancy) than fliers in a cohort of houseflies of the same
chronological age (27).

If oxidative protein damage is a genuine hazard to physiolog-
ical performance and fitness, then the offspring should be kept
free of such damage. For example, organisms producing repro-
ductive organs at the closing stages of their development should
have evolved means of keeping protein damage low throughout
their life span or, alternatively, be equipped with systems that can
clear out damage before reproduction. It appears that the plant
Arabidopsis thaliana has evolved defense systems to do just that:
Carbonylation first increases with the age of the plant, similar to
animals, but drops abruptly before the vegetative-to-

reproductive transition (22). In addition, unicellular yeast dis-
plays other means of keeping the young free of carbonylation
damage. The asymmetrically dividing Saccharomyces cerevisiae
has evolved a Sir2p-dependent system that retains carbonylated
proteins in the mother cell compartment during mitotic cytoki-
nesis (16). Thus, the progeny, exhibiting a full reproductive
potential in contrast to the mother cell, starts out with a
markedly reduced load of damage compared with the ancestor
cell.

In contrast to plants, the production of offspring in mammals
coincides with the early to middle stages of the organism’s life
cycle; i.e., it occurs at a time at which the overall oxidative
damage in the organism is low. However, this fact alone cannot
explain the low levels of oxidative damage in the offspring, and
we show here that early embryonic development encompasses a
drastic reduction of both carbonylated and AGE-modified pro-
teins. This elimination of damaged proteins coincides with an
elevated activity of the 20S proteasome, which has been shown
previously to be essential for degradation of oxidatively damaged
proteins (e.g., ref. 25).

Because AGE modifications are exceedingly slow reactions
(11), it is likely that the AGE damage observed in the inner cell
mass of the blastocyst (3.5–4.5 days old) is inherited from the
germ cell [AGE modifications have previously been observed
also in fetuses of rats (28)]. In addition, the targets of carbony-
lation in the undifferentiated ES cells (e.g., chaperones and
proteins of the cytoskeleton) are similar to those found in aging
organisms (17–22). Based on these results, we believe it is worth
considering that the offspring of mammals may initially be free
of protein damage because of an early developmental damage
elimination rather than by a mechanism that keeps the germ-line
cells free of deteriorated macromolecules. The degree of protein
carbonylation in undifferentiated ES cells is on par with that of
the liver and brain of fully developed, 6-month-old mice, which
begs the questions: Why do aged tissues, in contrast to cells of
the blastocyst, fail to rid themselves of protein carbonyls and
AGE modifications, and how do ES cells accomplish this task?
The fact that ES cells cultivated in vitro also displayed efficient
removal of damaged proteins, and a concomitantly elevated 20S
proteasome activity, upon differentiation makes it possible to
approach this question by classical and chemical genetics as well
as RNA interference technology. Elucidating these questions
may not only shed light on the process of embryonic develop-
ment but also help us understand the aging process, age-related
disorders, and the reasons for the aged and differentiated cells’
shortcomings in counteracting the progressive accumulation of
damaged proteins.

Materials and Methods
ES Cell Line and Culture Conditions. The murine ES cell line E14.1
was used in all experiments (29, 30). Cells were cultured on
gelatin-coated plates (except during EB formation; see below) in
DMEM (GIBCO) supplemented with 15% FCS (GIBCO), 0.1
mM nonessential amino acids (GIBCO), 2 mM L-glutamine
(GIBCO), 1 mM sodium pyruvate (GIBCO), 100 �M 2-mer-
captoethanol (Sigma), 50 �g�ml penicillin (GIBCO), 50 �g�ml
streptomycin (GIBCO), and, when appropriate, 1,000 units�ml
LIF (LIF�ESGRO; Chemicon). A 37°C humidified incubator
with 5% CO2 was used. Mouse embryonic fibroblasts (MEFs)
treated with mitomycin C (10 �g�ml; Sigma) were used as
feeders when ES cells were thawed to facilitate recovery of the
ES cells. ES cells were routinely passaged every other day (at
�80% confluence) by 0.25% trypsin-EDTA (3 min at 37°C;
GIBCO) and cultivated in their undifferentiated state until the
MEF feeder cells were diminished. Media were changed every
day. The undifferentiated status of the ES cells was confirmed
by Oct-4 (localized in the nucleus; ref. 31) and SSEA-1 (cell
surface-localized; ref. 32) immunochemical staining.

Fig. 5. 20S proteasome activity in undifferentiated ES cells and cells that
have been triggered to differentiate by the removal of LIF. The chemotryptic
activity of the proteasome was assayed by hydrolysis of the fluorogenic
peptide succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin. The activities
were all related to the activity obtained for the undifferentiated cells, which
was assigned a value of 1.0. Day 0 denotes the undifferentiated ES cells, and
‘‘3’’ and ‘‘5’’ indicate 3 and 5 days of differentiation after the removal of LIF,
respectively. Error bars represent standard deviation of three measurements
in triplicate from three independent ES cell cultures.

Fig. 6. Protein damage in the undifferentiated cells of the inner cell mass in
mouse blastocysts. (A–D) Series 1. (A) DAPI signal. (B) SSEA-1 signal. (C)
Carbonyl signal. (D) Overlay of DAPI, SSEA-1, and carbonyl signals. (E–G) Series
2. (E) DAPI signal. (F) AGE immunodetection. (G) DAPI and AGE costaining.
Arrows indicate the inner cell mass. A total of eight blastocysts were stained,
and representative images are shown. (Scale bars, 25 �m.)
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ES Cell Differentiation. From the time point when the undifferen-
tiated ES cells were ready to be passaged, differentiation was
induced in various ways. (i) Differentiation was induced by removal
of LIF such that the cells were washed and cultured in cultivation
media without LIF for 0.5, 2, 5, and 8 days. (ii) ES cells were allowed
to embark on spontaneous differentiation in the presence of LIF by
omitting continuous passage. The ES cells were kept in adherent
culture on a gelatin-coated tissue culture plate under these condi-
tions for 5 and 8 days in the presence of LIF. (iii) ES cells were
triggered to differentiate by the addition of RA. The ES cells were
washed and cultured for 7 days in media with and without LIF
supplemented with 10�7 M RA. RA induces differentiation of ES
cells into neural and visceral cell types (33–36). (iv) ES cells were
allowed to differentiate into EBs such that undifferentiated ES cells
were detached and dissociated into single cells and small clusters of
ES cells by trypsin incubation. Cells were then cultured in suspen-
sion in the media (without LIF) for 3 days to form EBs. At day 3,
the EBs were dissociated and plated onto gelatin-coated tissue
culture plate with media with or without LIF and cultured for 2 and
5 days. (See ref. 35.)

Determination of Protein Levels and Protein Damage by One-Dimen-
sional Western Blot Analysis. Cells were lysed with a modified RIPA
buffer (50 mM Na2HPO4�150 mM NaCl�1% Nonidet P-40�0.5%
deoxycholate�0.1% SDS�2 mM EDTA�1 mM pefablock) on ice.
Cell debris was removed by centrifugation. Protein concentration
was determined by using the BCA Protein Assay kit (Pierce).

For one-dimensional Western blot analysis of carbonylation,
the carbonyl-derivatized samples were loaded directly onto the
gels, according to the protocol of the Chemicon Oxyblot kit.
Samples used for detection of AGE modification or quantifica-
tion of specific proteins were prepared as described by Balles-
teros et al. (37). Gel electrophoresis was followed by blotting the
proteins onto a poly(vinylidene difluoride) membrane (Milli-
pore). The rabbit polyclonal anti-2,4-dinitrophenyl and goat
peroxidase-conjugated anti-rabbit IgG were from the Chemicon
Oxyblot kit; the mouse peroxidase-conjugated monoclonal anti-
AGE IgG1 6D12 was from TransGenic (Kumamoto, Japan); the
rabbit polyclonal anti-HSP90, anti-HSC70, and anti-�-actin were
from Biosite (San Diego); and the goat peroxidase-conjugated
anti-rabbit IgG, the mouse monoclonal anti-�-tubulin and anti-
�-tubulin, and the goat peroxidase-conjugated anti-mouse IgG
were from Sigma. The levels of the antigens were determined by
exposure in a charge-coupled device camera after the reaction
between ECL Plus (Amersham Pharmacia Bioscience) and the
peroxidase conjugated to the secondary antibodies.

Identification of Damaged Proteins by Two-Dimensional Western Blot
Analysis. The samples used for identification of carbonylated
proteins were prepared for two-dimensional Western blot anal-
ysis gel electrophoresis as described by O’Farrell (38) and
VanBogelen et al. (39) with the addition of a carbonyl deriva-
tization step (according to the Chemicon Oxyblot kit protocol).
Some samples were trichloroacetic acid (TCA)-precipitated
after the derivatization with 10% TCA followed by 30-min
centrifugation and acetone washes. The acetone was allowed to
evaporate fully, and lysis buffer (39) was added to the protein
pellet before loading. The samples for AGE detection were
prepared with TCA precipitation without the carbonyl deriva-
tization step. Immunochemical analysis was performed as de-
scribed above for one-dimensional Western blot analysis. For
every two-dimensional separation experiment, each sample was
run in duplicate, of which one of the gels was stained with
Coomassie brilliant blue, and the other was used for blotting and
immunodetection. After immunodetection, the membrane was
stained with Coomassie brilliant blue. The detected damaged
protein spots were matched with the Coomassie spots on the
membrane, and the corresponding protein spots on the two-

dimensional gel were cut out and used for mass-spectrometric
analysis. The samples were analyzed by using a MALDI-linear
reflection mass spectrometer (Micromass, Manchester, U.K.) in
reflectron mode. Tryptic digest (0.5 �l) was mixed with 0.5 �l of
matrix solution [12 mg/ml �-cyano-4-OH-cinnamic acid in ace-
tonitrile/water (1:1)�0.1% trif luoroacetic acid] directly on the
MALDI probe and allowed to dry at ambient conditions.
Monoisotopic mass values were used for peptide mass mapping
with MASCOT against the nr database at the National Center for
Biotechnology Information. All proteins that were identified had
a score equivalent to a 95% confidence level or higher and were
identified from at least two independent experiments.

Immunohistochemical Detection of Damage in ES Cells. The cells were
fixed in ice-cold EtOH (95%) for 15 min at �20°C and permeabil-
ized at room temperature in 0.25% Triton X-100 for 20 min for
detection of carbonyls and AGEs, permeabilized in 0.5% Triton
X-100 for 10 min for detection of Oct4, and permeabilized in 0.5%
Triton X-100 for 5 min for detection of SSEA-1. The carbonyl
groups were derivatized by DNPH (Chemicon Oxyblot kit) for 15
min at room temperature, after which the reaction was stopped by
the addition of neutralization solution (Chemicon Oxyblot kit).
FCS (10% in PBS) was used for blocking (for 40 min at room
temperature) when staining for carbonyls, the mouse-to-mouse
blocking kit (Biosite) was used according to the manufacturer’s
instructions when detecting AGEs, and normal donkey serum
(Jackson ImmunoResearch) was used for blocking during SSEA-1
and Oct4 detection (for 1 h at room temperature). Cells were
incubated with primary antibody overnight at 4°C and with sec-
ondary antibody for 60 min at room temperature. The antibodies
used were rabbit anti-2,4-dinitrophenyl (1:62; Chemicon Oxyblot
kit) with secondary IgG goat anti-rabbit Texas red (1:125; Jackson
ImmunoResearch), mouse monoclonal anti-AGE (1:125; Trans-
Genic) with secondary donkey anti-mouse IgG FITC (1:150; Jack-
son ImmunoResearch), Oct4 primary antibody (1:500; Santa Cruz
Biotechnology) with secondary goat anti-mouse IgG2b Cy3 (1:500;
Southern Biotechnology Associates), and SSEA-1 antibody (1:100;
Developmental Studies Hybridoma Bank, Iowa City, IA) with
secondary goat anti-mouse IgM FITC (1:150) or rabbit anti-mouse
IgM Cy3 (both 1:500; Southern Biotechnology Associates). Car-
bonyl signal was not detected when the primary antibody was
omitted from the protocol or when DNPH was replaced by the
DNPH control solution. The protocol for carbonyl detection was
completed before the SSEA-1 staining to avoid possible back-
ground carbonyls.

Proteasome Activity. Cells were lysed by hypotonic suspension in
1 mM DTT in distilled water, shaking at 4°C for 1 h. Cell debris
was removed by centrifugation, and protein concentration was
determined by the Lowry DC Protein Assay (Bio-Rad).

The chemotryptic activity of the proteasome was assayed by
hydrolysis of the fluorogenic peptide succinyl-Leu-Leu-Val-Tyr-
7-amino-4-methylcoumarin (suc-LLVY-AMC) (Bachem, Saf-
fron Walden, U.K.) according to Reinheckel et al. (26). Approx-
imately 10–30 �g of protein from each extract was incubated
with 200 �M suc-LLVY-AMC in 50 mM Tris (pH 7.8) and 1 mM
DTT in a total volume of 100 �l. Fluorescence was read on a
spectrofluorometer using 390-nm excitation and 460-nm emis-
sion filters and using free AMC as a standard (Bachem).
Proteasomal activity measurements were confirmed by lactacys-
tin inhibition (Biomol, Plymouth Meeting, PA) at a concentra-
tion of 30 �M. This concentration of lactacystin inhibited the
activity by 85–90%.

Immunohistochemical Detection of Carbonylated Proteins, AGEs, and
SSEA-1 in Mouse Blastocysts. Embryonic day 3.5 blastocysts were
fixed in 95% ice-cold ethanol for 15 min at 4°C. Permeabilization,
derivatization, blocking, and antibody incubation were performed
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as described above for carbonyl detection in ES cells. The above-
described protocols for AGEs and SSEA-1 were also applied for the
blastocysts. Cell nuclei were visualized by incubating for 4 min with
DAPI (1:1,000; Sigma-Aldrich) in PBS at room temperature.

We thank Anne Bergeron for valuable methodological input regarding
the 20S proteasome activity assay and Henrik Lindskog and Per
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